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Abstract 

We propose that the recently observed structure at 2175MeV by the Babar Collaboration is a 
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and the constituent gluon model (for the "gluon excited" hybrid) are very similar. The tetraquark 
hypothesis is not favored by the available experimental data. The crucial test of our scenario is 
suggested, furthermore, the promising channels which can discriminate the hybrid interpretation 
from the tetraquark are also suggested. 
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I. INTRODUCTION 



Very recently the Babar Collaboration observed a structure at 2175 MeV in the 0/o(98O) 
recoil mass of the process e + e~ — > 7/s.R</>/o(980)[lj]. Its mass is m = 2.175 ± 0.010 ± 
0.015GeV/c 2 and width is narrow T = 58 ± 16 ± 20MeV. It is claimed as a isospin singlet, 
and its spin-parity is determined to be J PC = 1 . Henceforth, this structure is denoted 
by y (2175). There are no known meson resonances with 1 = near this mass, therefore it 
may not be a Standard meson but rather a exotic. 

Since both this structure and F(4260) are observed in e + e~ annihilation through initial 
state radiation, it may have an analogical structure of F (4260) with cc replaced by ss. 



F(4260) has been interpreted as ccg hybridjsl, 4], a cscs tetraquark state 5] or others 
therefore y (2175) maybe a ssg hybrid or a ssss tetraquark state. In Ref. 7|, the mass of 
y (2175) which is taken as a four quark state has been calculated from QCD sum rule. In 
the tetraquark picture, although y (2175) can not decay into rjr), rjrf, r\'r( and <jxj) due to the 
C— parity and G— parity, no symmetry forbids the decay Y (2175) — > rj(rj')(f), which can occur 



'B. 



through the so-called "fall-apart" mechanism 



8(] . With enough phase space, the decay width 



is generally large. Moreover, r](r]')(j) should be one of the dominant decay modes, which is also 
against the experimental observation. In addition we would like to mention that from the 
view of quark correlation the tetraquark hypothesis prefer to have the diquark-antidiquark 
picture, i, e. {ss}{ss}, where the diquark(or antidiauark) is the so called "bad" diquark 
("good" and "bad" diquarks in Jaffe's terminology[9j). In short, four quark interpretation 
of y(2175) faces great challenge. However, more experimental investigation is needed to 
completely exclude the possibility of F(2175) being a tetraquark, although the available 
data already disfavors the tetraquark hypothesis. 

Hybrid state is one of the most promising new species of hadrons, extensive investiga- 
tions in searching of the hybrid states have been pursued, especialfy in the light hadrons. 
Although there is amounting evidence for hybrid consisting of light quarks, they still await 
confirmation, e. g., both pi(1450) and 7Ti(1600) are good hybrid candidates. H ybr id states 
have been studied in various approaches such as the flux tube model [lO 



constituent gluon model 



15 



16 



11 



12 



ypria st 



the 



17|, the QCD sum rule[18| and the lattice QCD[19(j. In the 



following, we will argue the mysterious Y (2 175) could be a 1 strangeonium hybrid (ssg) 
from the flux tube model and the constituent gluon model. 
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In the flux tube model, a hybrid state is a quark-antiquark pair moving on an adiabatic 
surface generated by an excited gluonic flux-tube, and a hybrid meson would decay because of 
phenomenological pair production described by 3 Pq model coupled with a flux tube overlap. 
Isgur et al, estimated that the lowest lying strangeonium hybrid(s,sg) could have a mass 



about 1.9GeV 



101 ] . Close et al., improved the previous treatments using a Hamiltonian 



Monte Carlo algorithm, they predicted that the mass of the lightest ssg hybrid is 2.1- 



2.2GeV 



ll| . which is consistent with experimental value of y (2175) (m = 2.175 ± 0.010 ± 



0.015GeV). In the constituent gluon model, a hybrid state is a quark-antiquark state with an 
additional constituent gluon, such a meson would decay though gluon dissociation into a qq 



pair 15j, lla, [17|. The constituent gluon is expected to add 0.7 ~ lGeV to the corresponding 



quarkonia and the excitation energy is about 0.4 GeV for the excited hybrid state, naively 
the mass of the ssg would be about 2.12-2.42GeV, which is also consisitent experimental 
data of F (2 175). So the predictions for mass of lightest strangeonium hybrid in both models 
supports that K(2175) could be a ssg hybrid state. 

Since the quark pair are created from gluon in the constituent gluon model, this model 
belong to the 3 Si decay model 20|]. Although 3 Pq model is more successful than the 3 Si 
decay model in conventional meson and baryon decaysj^, we don't know whether the same 
is also true in the hybrid decay. Moreover the constituent gluon model is widely used to 
discuss the decay of the hybrid meson, it is regarded as a useful theoretical tool to study 
hybrid hadron, so we would like to investigate the hybrid hypothesis from both the flux tube 
model and the constituent gluon model. If the results in two models are consistent within 
the uncertainties of both models, it will be a strong support to our picture. 

Extensive and thorough analyse has been done for the 1 system, the existence for 
1 hybrids in both isovector and isoscalar channels is required in e + e~ annihilation and r 
decay 22j, |23J]. We claim that y (2175) is the isoscalar ssg hybrid state of this 1 multiplet, 
and other candidates in this multiplet, such as qsg, sqg(q = u, d) are expected to be observed 
in future. In this work, we will investigate the 1 strangeonium hybrid from both the flux 
tube model and constituent gluon model in details. The outline of the paper is as follows. In 
section II, we study the 1 strangeonium hybrid from the flux tube model, and in section 
III, this hybrid state is investigated in the constituent gluon model. A brief summary and 
discussions are given in Section IV. 
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II. 1 STRANGEONIUM HYBRID FROM THE FLUX TUBE MODEL 



The flux tube model is extracted from the strong coupling limit of the QCD lattice Hamil- 
tonian, and decay occurs when the flux-tube breaks at any point along its length, producing 
a qq pair in a relative J PC = ++ state. Since we have to consider the dynamics of the 
flux tube, the flux tube overlap has to be included in addition to the color, flavor, spin and 
spatial overlap. Hybrid decay has been studied carefully in the flux tube model and its 
extended version for both the light flavor and heavy flavorsflO. 
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131 ] . In the following, the 



strangeonium hybrid decay will be considered usingsimple harmonic oscillation approxima- 
tion, we will follow the formalism of Close et a£ v |l2j. This is typical of decay calculation 
and it has been demonstrated that using Coulomb+linear wavefunctions from the relativized 
quark model of Godfrey and Isgur does not change the results significantly 



24 



25j] . In the 



narrow width approximation, the partial decay width for the process A — > BC is, 

p B M B M Cl 



T LJ (A - BC) 



\M LJ {A^BC)\' 



(2J A + 1)tt M a 

where the phase space normalization of Kokoski and Isgur is employed 



(1) 



24 



25|, M A ,M Bl M c 



are respectively the 'mock meson' masses of A, B, C. Mlj(A — > BC) is the partial wave 
amplitude for the decay process, L is the relative angular momentum between B and C, J 
is the total angular momentum of B and C, and p B is -B 's momentum in the rest frame of 
the particle A. The hybrid wavefunction is taken as: 



^27rr(3/2 + 5) m ? a( 



6, -0) exp(-/^r 2 /2) 



(2) 



Here 5 = 0.62, is the projection of the orbital angular momentum along z axis, and A is 
the flux tube angular momentum along the quark-antiquark axis in the hybrid. In our case 
= 0, ±1 and A = ±1. The S. H. O. wavefunctions for the angular momentum L = and 



L = 1 ordinary mesons respectively are: 

£3/2 



4>s (r) 



exp(-/3V/2), ^p(r) 



rr 1M (r)exp(-/3V/2) 



(3) 



where (3 is the harmonic oscillation parameter, which can be different for various mesons. 
The amplitude for the hybrid state decaying into S + P-wave meson pair can be calculated 
analytically using the S. H. O. wavefunction. The 1 ssg hybrid can decay into iT|(1430)X 
with the relative angular momentum between the final states being 2, and it can also decay 



into Ki(1270)K and Ai(1400)A in S-wave and D— wave. Under the first order approxima 



tion /3 b = (3ci the corresponding decay amplitudes are in the followings 



12|: 



M S i{(ssg) 
M S i{(ssg) 
M m ((ssg) 
M m {(ssg) 
M D2 ((ssg) 



where g 



ac 1 



A\(1270)JO = g F((ssg) • 
Ai(1400)A) = g F{{ssg) ■ 

^(1270)^) = g F((ssg) 
^(1400)^) = g F((ssg) 
K* 2 (U30)K) = g F((ssg) 
Vb 



K 1 (1270)K)-(-3h + g 1 -Ah 2 ) 
/2 

ATi(1400)Ar)^-(-3/i +9i- 

Kl (l270)K)^(g 1 + 5h 2 ) 
o 

^(1400)^)^(^ + 5^) 
■K* 2 (U30)K)^=( 9l + 5h 2 ) 



(4) 



2tt 



„3/2+5 

^ — with p 2 



{(31 + (3D/2 = (3\ 



^ 2^00 V tt J (i+fb/(2p))* V 3r(3/2+«5) /3 vvlt11 ^ - WB^VC)/* ~ HB ~ 

F((ssg) -> ^(1270)^), F((ss#) -> ^(1400)^), F((ss#) -> A*(1430)A) are the 
flavor factors in the corresponding decay processes, in our case F((ssg) — > Ki(1270)K) = 
F((ssg) -> Ax(1400)A) = F((ssg) -> A*(1430)A) = 2. The analytical expressions for 
^-0; ^lj ^2 are listed in the Appendix A. To derive this result, Ai(1270) and Ai(1400) are 
taken to be linear combinations of l P\ and 3 Pi states 

|ATi(1270)> = 

v ° 
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|A!(1400)) = 
It is well-known that the lowest lying hy 



3^) + ^) 



(5) 



Dria 



prefers to decay into S + P-wave meson pair 10 



does not decay to identical mesons, but 



general than specific models 



261 ] . This rule has been shown to be more 



27\ . Although decaying into S + S'- wave meson pair is not 



forbidden if the internal structures(z.e., (3) of the two S'— wave meson differ, the width is 
generally proportional to (/3% — /3^) 2 , which is usually small. 

For the 1 strangeonium hybrid decaying into two S- wave mesons, the strangeonium 
hybrid can decay into A* (892) A, (prj, tprj' in relative P— wave, the amplitude is of the 



following form 



H 9v/3 2 001 



K 



A, 



7T 



«3/2+5 
P A 



3/2 



;i + /6/(2/5 2 )) 2 V 3r ( 3 / 2 + 5 ) 



5 



M P1 ((ssg) -> BC) 

x3F((ssg) -> BC)P (6) 

where A = /3#— /3£., /3 2 = (/3^+/3^)/2, and F {{s s g) — > PC) is the flavor factor in the process 
(ssg) — > PC. P is the overlap integral which can be integrated out using the technique of 



Appendix A. 



P 



dr r 



Mp B 



2+5 



Jl 



Mp B r 



A 



„ -)exp(-(2/3 2 +/? 2 -(^) 2 )-) 



2 3+5 r(2 



m 



+ M 3[2/?i + / 52_(A )2 ]2+<5/2 



1^1(2 



5 5 



M 2 p| 



2' 2' ( m + M ) 2 [2/3 2 +/3 2 -(A)2] 



(7) 



77 and 77' are taken to be "perfect mixing": 77 = \(uu + dd) — -^ss, 77' = + dd) + -j^ss. 
The mixing angle is consistent with the one obtained from the 77 — 77' mass matrix. The flavor 
factors respectively are F((ssg) — > K*K) = 2, F((ssg) — > 4>rj) = F((ssg) — > 077') = \/2. 

The hybrid state can decay into 2S+1S meson pairs in relative P— wave, if it is not 
forbidden by the phase space, e. g, the 1 strangeoniu m hy brid can decay to K* (1410) K, if 
the problematic state X*(1410) is taken as a 2 3 5i state 28j. But the decay mode K (1460) K 



is forbidden by the "spin selection rule" [13|, since /^(1460) is a 2 1 S strange quarkonium 
The amplitude for the hybrid decaying to 25 + 15 final state is as follows: 



28 



M P0 ((ssg) ^BC) = - 
x3F((ssg -> BC)) P' 



7T 



3/2+5 



(4fr - A 2 ) 3 / 4 



71 ' (1 + fb/(2(3 2 )) 3 V 3r ( 3 / 2 + s ) 128^3/3 
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(8) 



The overlap integral P' is, 

2+5, / M PBT 



P' 



dr r 



/o l m + M 

5A) /3 2 - 8&//5 4 - 16/3 6 ]} 



){r 2 A(A - 2(3y(bf + 2/3 2 )(A + 2/3 2 ) + 8/3 2 [ 6/A + 2A(-46/ 



3(m + M) 



{A(A - 2/5 2 ) 2 (6/ + 2/? 2 )(A + 2/3 2 



2 5+5 p( 3 



' A 1213+5/2 



(m + M) 2 [2/3 2 1 + /5 2 -(|) 2 ] 



+ /3 2 [ 6/A 2 + 2A(-46/ + 5A) /3 2 - 86//3 4 - 16/3 6 



x 



2 6+<5 r ( 2 



M + /5 2 -(^) 2 ] 2+5 / 2 



1^1(2 



5 5 
2 '2 ' 



M l p B 



(m + M) 2 [2/3 2 +/3 2 -(A)2 



■)} 



(9) 



We take the string tension 6 = 0.18GeV 2 , and the constituent quark masses m u = 



0.33GeV, m s = 0.55GeV, the masses of the mesons will be taken from PDG[23j. A detailed 
discussion about other quantities such as /, k, A® may be found in the Appendix A of 
24 1 and Ref. 29]. The common or ^H^o\/? is taken^to be 0.64 which s a 



Ref. 



best fit to the decay of conventional mesons in the flux tube model 12|, |24j , and the estimated 
values f — IA, k — 0.9 is used in this work. The oscillation parameter (3 is chosen as that of 



6 



Ref. [12], for the strangeonium hybrid ssg we choose (3 a = 0.30GeV. (3 = 0.40GeV is used in 
the case of hybrid decaying into 5" + P— wave mesons pair. For the S + S— wave mesons final 



states, the effective /3 in Ref. 



24J is used to determined the width, e. g. (3 k* 



(1410) 



0.41GeV, 



P K . = 0.48GeV, /3 K = 0.71GeV, (3 V = p n > = 0.74GeV and 



0.51GeV. In the following 



table, we present the dominant decay modes for the 1 strangeness hybrid decay in various 
partial waves. 

TABLE I: The decay modes of 1 strangeonium hybrid ssg in the flux tube model 



Decay Channels 




K 1 (1270)K 


K 1 (1400)K 


K*(UW)K 


K*(892)K 




H 


Total 


T(MeV) 


D 15.0 


S 30.8 
D 4.5 


S 65.8 
D 4.3 


P 23.0 


P 3.7 


P 1.2 


P 0.4 


148.7 



From the above table, we can see the " S+P" selection rule is satisfied for the strangeonium 
hybrid in a good manner, and the hybrid decaying into 2 S' + IS final state is usually not 
suppressed. The 1 strangeonium hybrid mainly decays into K\(1400)K, Ki(1270)K, 
K* (1410) K, K%(1430)K. However, y (2175) mainly decays into (jyq and <jyq' in the ssss 
tetraquark scenario, thus a search for the latter channels, or the limit on its coupling, could 
be a significant discriminator for the nature of y (2175). Furthermore, the 1 strangeonium 
hybrid can decay to (pirn by the cascade decay mechanism (ssg) — > (ss)(gg) — > 0+7r + 7rj3O|, 
and (ssg) — > 0/o(98O) may make an significant contribution to the process. So the search 
for tfiKK decay modes are also merited. 

As a measure of the reliability of these predictions, the mass dependence of the partial 
decay width and total width are respectively shown in FigJT] and FigEJ We also show the 
harmonic parameter P a dependence of the partial decay width and total width in Figj3] and 
FigJH We don't show the partial width of the modes K*(892)K, 0r/ and <jyq\ since they 
are small enough to be negligible. From these figures, we can see the total decay width 
decreases with the decrease of its mass. For a 2-2.2 GeV 1 strangeonium hybrid, its 
width is about 120-150MeV, which is consistent with the experimental observation about 
y (2175) (r = 58 ± 16 ± 20MeV) within the uncertainties of the flux tube model. On all 
accounts, it is reasonable to identify y(2175) as a 1 strangeonium hybrid from the flux 
tube model. 
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FIG. 1: The partial width for the 1~~ FIG. 2: The total width of the 1~~ strangeo- 
strangeonium hybrid decay as a function of nium hybrid as a function of the hybrid mass 
the hybrid mass 
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FIG. 3: The dependence of the partial width FIG. 4: The dependence of the total width of 
on (3a for the 1 strangeonium hybrid decay the 1 __ strangeonium hybrid on (5a 

III. 1 STRANGEONIUM HYBRID FROM THE CONSTITUENT GLUON 
MODEL 



In order to provide further support to our proposal, we would like to study the 1~ 
strangeonium hybrid from the constituent gluon model. The constituent gluon model is a 
generalization of the quark model with constituent gluon, the decay of hybrid mesons has 
been studied widely in the constituent gluon model 



16 



17, £6 



3l|. The reasonableness of 



F (4260) as a 1 charmonium hybrid has been investigated from this model 4j, |32j. Here 



we will follow the notation of Ref . \\\ ■ From the view of the constituent gluon model, 
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strangeonium hybrid is a bound state of ss and a gluon. Defining L g as the relative orbital 
angular momentum between the gluon and the ss center of mass, L sS as the relative angular 
momentum between the strange quark and the anti-strange quark, S sS as the total spin of 
ss. Denoting the total gluon angular momentum by J g , J s = L s + 1, and L = L sS + 3 g . The 
parity and charge conjugation of the hybrid are given by: 

p _ ^ ^L S a+L g Q _ ^_-^L s g+S S s+l (10) 

The quantum number J PC = 1 implies that L sS = S sS = 1, L g = or L sS = S s - S = 
0, L g = 1, the former is usually is referred as the "quark excited" hybrid, and the latter 
referred as the "gluon excited" hybrid. To lowest order, the decay is described by the 
matrbc element of the QCD interaction between the initial hybrid wave function and final 
two mesons wavefunctions, and the interaction Hamiltonian is: 

Hj = g s J rf 3 x $(x) 7^(x) A£(x) (11) 

The operator relevant to the decay can be expressed in terms of the creation and annihilation 
operators: 



d 3 ~p d 3 p'<i 3 k /ri _ x3 r3/ _ 1N _ X C B C > 

/ 2u(2tt) 

(12) 



Hi = 9s E / ^^(^Wp " P' " k ) *) 

s,s',x,c,c',c g J V2u(2nr 2 



here the flavor index of the quark has been omitted, c g = 1, 2, • • -8, and 
{ b psc,b~l, s , c ,} = {d psc ,4>vc'} = (2vr) 3 <5 3 (p - p') 

[a&, a$ x ,} = (27r) 3 5 3 (k - k')5 c ^5 xx , (13) 

under the non-relativistic approximation, the hybrid and the meson states are described as 
follows: 



\A(L g ,L sS ,S S s, Ja,M Ja )) / ^f^f^ i^ M ^ h A g [ J g , M Jg ){L sS , M Lsil J g , 



(2tt) 



M Jg |L,m')(L,m'; S M -, M S J J A , M Ja )(2vt) 3 5 3 ( Pi + p 2 + k - Pa)xZ m, 



pi - p 2 2Mk-m 3 ( P i + p 2 ) f , c t 

fe^ ss -( ^ ^ 2M + m g ) & p lS i C iS 2 s 2C2 «kA 9 |0) (14) 

The subscript 1 and 2 refer to the strange quark and the anti-strange quark within the 
hybrid meson. \ l s- i ya are respectively the spin wavefunction and flavor wavefunction 



of ss. *Pl 3 sM Ls s( P1 2 P2 )i ^ L a M hg ( 2Mk 2M+m +P ^ ) are respectively the spatial wavefunction of 
the ss and the constituent gluon, which usually is taken as the simple harmonic oscillator 
wavefunction. 

The final B meson's state is given by: 

\B{L B , S B , J B , M j g)) = E / d ^\T ^ Ml *> Sb > M s b \Jb, M jB )(2vr) 3 5 3 ( Pl + p 3 

m Lb ,m Sb j y £ix ) 

-pb) x g Ms yi ^ ^ B ( m Z+l P3 ^ fe U<jo> (15) 

Here u) B 3 is the color wavefunction of B meson. Another final state C meson's wavefunction 
can be write out analogously in terms of the quark, antiquark creation operators. It is 
straightforward to get the matrix element (BC\Hj\A) = g s (2ir) 3 5 3 (pA — Pb — Pc) M^j{A — > 
BC), so the partial decay width is: 

T U (A - BC) = ^ P -^^\M a (A - BC)\> (16) 

where Mej(A — > BC) is the partial wave amplitude, and T u is the partial width of the 



corresponding partial wave 35|]. As usual, we would like to use the S. H. O basis wavefunctions, 
thereby enabling analytic studies that reveal the relationship among amplitudes. The partial 
wave amplitude Mu and the spatial overlap for various final states are presented in the 
Appendbc B. 

In our calculation, we take the following set of parameters: Pb = Pc = Pg = 0.4GeV, 
P sS = 0.3GeV, m s = 0.55GeV, m u = rrid = 0.33GeV and m g = 0.8GeV, which are often 



used in the constituent gluon model calculations[26j. In the Ref. [26|, the authors used the 
oscillation parameters R B , R g and so on, the parameters Pb, Pg etc in this work are related 
to Rb, R g etc by the relations fi B = 1/R B , P g = 1/R g - 

In the case of the "quark excited" hybrid, the allowed decay channels and the partial 
decay width are shown in Table II. In this table, S or P indicate that the relative angular 
momentum between the two final states is S' or P wave, and the symbols 0,1,2 denote the 
total angular momentum of two final states. From this table, we can see the quark excited 
hybrid mainly decays into KK, K* K, <fa, jnf, K* (892)K* (892), K x (1270) A', K x (1400) K. 
The decay width is very large, which is approximately 307.4MeV, 342.7MeV, 464.2MeV 
respectively for the L = 0, 1, 2 quark excited hybrid. 

In the case of the "gluon excited" hybrid, the allowed decay channels and the partial 
decay width are shown in Table III. It mainly decays into i^i(1270)AT, Ki(1400)K and 
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TABLE II: Decay of the 1 quark excited strangeonium hybrid s sg in the constituent gluon 
model, width is in MeVxa s for the channels. The QCD coupling constant a s is of order 1 in this 
nonperturbative region. 





L=0 


L=l 


L=2 


KK 


P 14.3 


P 43.0 


P 71.7 


K* K 


P 1 63.2 


P 1 47.4 


P 1 79.0 


(bn 


P 1 30.6 


P 1 22.9 


P 1 38.2 


H 


P 1 12.0 


P 1 9.0 


P 1 15.0 


K* (892) K* (892) 


P 4.5 
P 1 
P 2 89.3 


P 13.4 

P 1 
P 2 67.0 


P 22.3 
P 1 
P 2 4.5 


K 1 (1270)K 


S 1 28.9 
D 1 4.8 


S 1 54.2 
D 1 12.3 


S 1 91.0 
D 1 20.6 


K 1 (U00)K 


S 1 46.2 
D 1 1.8 


S 1 55.5 
D 1 3.3 


S 1 92.0 
D 1 5.4 


(1430) K 


D 2 3.1 


D 2 2.3 


D 2 3.9 


K(U60)K 


P 2.6 


P 7.8 


P 13.0 


K*(UW)K 


P 1 6.1 


P 1 4.6 


P 1 7.6 


Tot 


307.4 


342.7 


464.2 



K*(1410)K. Due to the selection rule, it can not decay to two pseudoscalars. The de- 
cay width is around 122.7MeV which is consistent with the flux tube model's prediction 
148.7MeV within the uncertainties of the models. Compared with the results in the flux tube 
model, the 1 strangeonium hybrid can not decay to 1 P 1 state and rH^jZ^j^To)^) ~ ^ 
in both models. The decay width T ((s s g) — > (1430)^0 * s about in the constituent 
gluon model, T((ssg) — > (1430) J^) ~ 15MeV in the flux tube model, which is smaller 
than T((ssg) K\(1270)K) and T((ssg) A^(1400)iT). So the decay patter of the 
gluon excited hybrid is very similar to that in the flux tube model, and we conclude that 
F(2175) could mainly be the "gluon excited" hybrid from the view of the constituent gluon 
model, The strong dependence of the decay width on the hybrid mass is displayed in FigfSl 
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TABLE III: Decay of the 1 gluon excited strangeonium hybrid ssg in the constituent gluon 
model, width is in MeVxa s for the channels. The QCD coupling constant a s is of order 1 in this 
nonperturbative region. 



K 1 (1270)K 


Ki(1400)K 


K*(U10)K 


Total 


36.2 


73.2 


5.8 


115.2 



and we show the partial width for the 1 gluon excited strangeonium hybrid decaying to 
Ki{1270)K, ^(1400)^, K*(U10)K as a function of the hybrid mass in FigJB The /3 sS 
dependence of total decay width and partial decay width are shown respectively in FigJT] 
and FigJH] in the constituent gluon model. 



K,(1270)K 

K f (1400)K 

K"(1410)K 



"205 2.1 2.15 2.2 2.25 2.05 2.1 2.15 2.2 2.25 

M A (GeV) M fl (GeV) 

FIG. 5: The decay width for the 1 strangeo- FIG. 6: The partial width for the 1" 
nium hybrid at various hybrid mass. gluon excited strangeonium hybrid decaying to 

K 1 (1270)K, K 1 (U00)K, K*(U10)K at vari- 
ous hybrid mass. 

If F (2 175) is a 1 strangeonium hybrid, in the constituent gluon model, the mechanism 
which generates the decay F(2175) — > </>/o(980) — > (pun could be the following: a gluon 
is emitted from the strange quark or the anti-strange quark, both the created gluon and 
the constituent gluon dissociate into a pair of quark-antiquark, then all the quarks and 
antiquarks combine to form and /o (980). The corresponding diagrams are shown in FigJHl 
where only the diagrams in which gluon is emitted by the strange quark are plotted, and 
f o (980) is assumed four-quark state. 
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FIG. 7: The (3 S g dependence of the total de- FIG. 8: The partial width of the 1 
cay width for the L=0,l,2 quark excited hybrid gluon excited strangeonium hybrid decaying to 
and the gluon excited hybrid. K 1 (1270)K, Jfi(1400)Jf, K*(U10)K at vari- 

ous p s s. 




(a) (b) (c) (d) (e) 

FIG. 9: Decay diagrams for Y(2175) — > 0/o(98O) under the assumption that Y(2175) is a 1" 
strangeonium hybrid and /o (980) is a four quark state. 

IV. CONCLUSION AND DISCUSSION 

We propose that the recently observed structure F(2175) is a strangeonium hybrid, the 
reasonability of tiris hypothesis has been studied from both the ffux tube model and the 
constituent gluon model. The estimate for the mass of 1 hybrid state ssg in both the 
flux tube model and the constituent gluon model are consistent with the experimental data. 
In the constituent gluon model, there exist the "quark excited" hybrids(L = 0, 1,2; L sE = 
S sS = 1; L g =0) and the "gluon excited" one(L = 1; L g =0; L sS = S sS = 0) for the l - ' 
hybrid state. The decay width of the quark excited hybrid is very large, it is around 250- 
500MeV, and the decay pattern and decay width of the gluon excited hybrid is similar to the 
result of the flux tube model. Therefore we argue that F(2175) could be mainly a "gluon 
excited" strangeonium hybrid from the view of constituent gluon. Furthermore, both models 
predict the decay width is about 100-150MeV with some theoretical uncertainties, which is 
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consistent with the present data within errors. 

Both the flux tube model and the constituent gluon model(for the "gluon excited" hybrid) 
predict that the 1 hybrid ssg dominantly decays into Ki(lA00)K and K%(1270)K, which 
is consistent with the well-known selection rule of hybrid decay. So the experimental search 
of channels F(2175) -> ^(1400)/^ -> ttK*(892)K, F(2175) -> K 1 (1270)K -> pKK and 
Y (2175) — > Ki(1270)K — > itKq(14:30)K are suggested, which is a important test of our sce- 
nario. However, F(2175) dominantly decays into (prj and 4>rf in the tetraquark picture, the 
search for y(2175) — > 4>r] and y(2175) — > (jnj' is also merited to discriminate the two inter- 
pretations, although the tetraquark hypothesis is not favored by the available experimental 
information. 

Although both F (2175) and Y (4260) have been found in the ISR e + e~ annihilation by the 
Babar collaboration, their decay property is different. In the hybrid picture, they both prefer 
to decay into the final states with a P-wave meson because of the "S+P" selection rule, i. e., 
Ki(1400)K and Ki(1270)K are the dominant decay modes as we have shown above, and 
y (4260) has strong coupling to D D ** and D D**. However, Y (4260) are slightly larger than 
the threshold of DD** and DD**, so those decay modes are suppressed. The K + K~ir + ir~ 



final state in the ISR e + e~ annihilation has been analyzed by the Babar collaboration 34j, 
it is essential to note that a broad structure in the region of the Zfi(1270) and i^i(1400) 
is claimed by performing the three-body mass combination, which is shown in Fig. 19(c) 
in that paper, this signal seems to support our hybrid picture of Y(2175). It is essential 
to perform the mass combination of Ki(1270)K, K%(1430)K and Ki(1400)K, perform the 
partial wave analysis, and measure the branching ratios etc. in order to verify the hybrid 
hypothesis of y (2175). 

No matter y(2175) is a hybrid or tetraquark quark state, it can mix with other conven- 
tional mesons, which have the same quantum numbers as y (2175). However, the nearest 
1 isospin singlet to y (2175) is 0(1680) 23j , and quantum mechanics tells us that the mix- 
ing strength is related to the inverse of the energy difference of the two states, so the mbdng 
effect is expected to be rather small. 

To confirm y(2175) being a hybrid, further deep theoretical understanding and predic- 
tions about the properties of 1 (ssg) hybrid state are needed to be confronted with the 
experimental data. It is essential to investigate if y (21 75) could be a conventional strange 
quarkonium, e. g. 2 3 Di or 3 3 Si ss quarkonium. The decay of 3 3 Si ss quarkonium has 
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been studied in 3 Pq model by T.Barnes et al, 28j, and this state is predicted to be a rather 
broad state , Y w 380 MeV, so F(2175) should not be 3 3 Si ss state. However, the decay 
of 2 3 Di ss quarkonium has not been considered so far, it is urgent and interesting to study 



2 3 Di ss state from quark model 



Experimentally, confirmation and dictated studies of 



y(2175) at BES and CLEO is valuable. 
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APPENDIX A: THE ANALYTICAL EXPRESSIONS FOR h ,gi,h 2 
ho, 9\i h>2 are as follows: 

ho = /? 2 1°° dr r 3+S U^^) exp(-(2fi + /3 2 )J (Al) 
2mp B r°° 2+s ■ f M Psr , ( ( pa , 52N r % / Ao n 



h 2 = (3 2 dr r* +d j 2 (—^-) exp(-(2/3i + (3 2 )-) (A3) 
Jo m + M 4 

In the above formula, M and m are respectively the masses of the original quark and the 
created quark. The integrals can be evaluated in terms of the confluent hypergeometric 
functions using the general formula 

r. n . , s „ br 2 ^a m V[(j}} 3 a 2 . 

/ dr r n j m (ar)e br = y/n — , OT , r — r iF^d), m + -, -— ) (A4) 

Jo V ; ¥ 2 m+2 r[m + 3/2] 2' W v y 

where = (m + n + l)/2, then 

2 3+<5 /3 2 _ 5, 5 3 M 2 p 2 
h = i- r 2 + - 1F1 2 + -,-, ^ A5 

(2/^2 + /32)2+5/2 ^ 2 ;1 U 2' 2' (m + M) 2 (2p 2 A + P 2 ) J V ; 

= mMp 2 B 2^ S 5_5 M 2 p 2 B 

yi (m + M) 2 3(2/5^ + (3 2 ) 2 + 5 / 2 1 2 ; 1 u 2' 2' (m + M) 2 (2/? 2 + /3 2 ) ^ 1 ' 



(m + M) 2 15(2/3% + /3 2 ) 3+<5 / 2 v 2 7 ±v 2' 2' (m + M) 2 (2/% + /3 2 ) 
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APPENDIX B: THE PARTIAL DECAY WIDTH M^j IN THE CONSTITUENT 
GLUON MODEL 



Starting from the interaction Hamiltonian Eq. (jl2p and the non-relativistic wavefunction 
Eq.([TD and Eq.§F5§, the matrix element {B^H^A) = g s (2ir) 3 5 3 (p A -p B - Pc) M itJ (A -> 
B C) can be easily obtained, and the partial wave amplitude M^j has the following form: 



M U (A -> BC) = 



E 

M Lg , X g , M La ^ M Ss ^ M L 
M Lc , M< 



K g , M iss _, M Ss ^ M Lbj M Sbj 
! Sc , M Jb , M Jc , Mj, Mi 



CTS(M SsS ,X 9 ,Ms B ,M Sc ) 



I{M Ls „ M Lg ,M LB ,M Lc , M e )(L g , M Lg - 
+A, 



S ( 



r Lg + X g ){L aB , M Las ; J g , M Lg + X g \L 
K g + M LsS ) (L, M Lg + X g + M LsS ; S sS , M Ss ^ \J a ,M Ja )(L b , M Lb ; S B , M Sb \ J B , M Jb ) (L c , M, 

f jB ; J c , M Jc \J,Mj) (£, M e ; J, Mj\J A , M Ja > (BI ) 



r Lg ; l,X g \ J g ,M L 
, s ,M s JJ a ,M Ja )(L e 

r j\J A 



( Lb ;S b ,M, 

? Cj M Sc | J c , M Jc )(J B , M Jb ; J c , M Jc | J, Mj) (£, M e ; J, ilf 



Here C, T, S(M SsS , X g , M Sb , M Sc ) and I(M LaJ , M Lg , M Lb , M Lc , M e ) are respectively color, 
flavor, spin and spatial overlap factors with C — |. In the non-relativistic limit, the spin 
overlap factor is: 



S(M Sa „ X g , M Sb ,M Sc ) = £ ^/6(2S B + 1)(2S C + 1)(2S' M - + 1) 



X g \S, M Sb + M Sc )(S B , M Sb ; S c , M Sc \S, M Sb + M Sc ) 



1 1 Q 

2 2 ° B 

1 1 o 

2 2 b C 

S X e 1 «S' 



* (S s§ , M Sa ,- 1, 
(B2) 



The flavor overlap factor T is: 



H h I 



B 



T = s]{2I B + l)(2I c + 1){2I A + l){i 2 i A l c \ 

Ia I a 



(B3) 



where rj = 1 if the gluon goes into strange quarks and rj = y/2 if it goes into non-strange 
ones. e is the number of the diagrams contributing to the decay. Finally the spatial overlap 
is given by: 

d 3 pd 3 k 



I(M Lsg ,M Lg ,M LB ,M Lc ,M e ) = J J J 



P 



2cu(2tt) 

2 } ^ ( ~F^ + P " 2 } d ^ (fifl) 



'• '/.... A/; _ i P/' - P) ^L 9 M ig (k) ^2 B Mz, 



r»PB 

s V M + m 

(B4) 
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The partial decay width is: 



T U {A - BC) = ^ P -^§^\M a (A - 5C)| 2 



7T 



(B5) 



where M^j{A — > 5C) is the partial wave amplitude, and I^j is the partial width of that 
partial wave 351] . As usual, we would like to use the S. H. O basis wavefunctions, thereby 
enabling analytic studies that reveal the relationship among amplitudes. 



and 



here yf lLa 



1pL a sM L (p) = [ 



i>L g M Lg (Pg) 



167T 2 



r(f + l s 



p. 



ss 



1/2 ^( P )exp[- 



167T 



L r(l + L,)/3f s+3 



r /2 < i9 (P fl )ex P [-^y 



(B6) 



(B7) 



PJ 



p| Lss ^l^ ss (p) i s a solid harmonic polynomial, and analogously for 



3>9 



The wavefunctions i(l b m Lb and '4 ) l c m Lc are defined similarly In the follow- 
ing, we will take /3 b = Pc- If the final states are two S'— wave mesons, i. e, Lb = Lc = 
then the overlap integral Eq. (lB4j) can be integrated out analytically. 

2 r 1 



J(M Lss _,M Lff ,0,0,M £ ) 
r 2 P%p B M 



L S s 



»PbT{L 8 
M 2 



+ l)Y{L g + 



exp[ 



3 
2 

Pb 



3\o2Lss+3n2L 3 +3S 
2 JHss Hg 



iVar 



2tt 



■(/% + 2/£)(/% + #/2) J 



<5/. /",„!; 5fl 



L p 2 B + 2p 2 s M + m l 

The above equation implies that the "gluon excited" hybrid doesn't decay into two ground 
states mesons, which has been shown to be true in both the flux tube model and the 
constituent gluon model 



(B 
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27(| . Particularly for the quark excited hybrid L g = 0, L s 



/(M Ls „0,0,0,M £ ) 



pTpi I2 p\ 



B 



2Mp 



B 



M 2 



3u {(3%/2 + ^/4)3/2(^/2 + /%)5/2 M + m 



exp[ 



Pb 



(M + m) 2 (3 2 B + 2(3% 
(B9) 



If the final states are 5 + P— wave meson pairs, the overlap integral Eq. flB4p can be exactly 
integrated out likewise. For the gluon excited hybrid L s5 = 0, L g = 1, the relevant overlap 
integral is: 



I(0,M Lg ,M LB ,0,M e 
x$M Lo ,M L Se,o S Mi ,o 



p^p^Pb 



M 2 



2co {P 2 B /2 + P%fl 2 {P 2 B /2 + P 2 /Af/ 2 



exp[ 



Pb 



{M + m) 2 P% + %Pss 
(B10) 
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where the 8^ term above tells us that the 1 hybrid decay into 5 + P— wave final states 
in relative 5— wave, so the 1 strangeonium hybrid can not decay to iC|(1430)if due to 
conservation of angular momentum. And the corresponding overlap integral for the quark 
excited hybrid is: 

7(M Lss -,0,M is ,0,M £ ) = \ — /a2 jz ■ ;„ 2 ,- ; ^ 9/ ,xo /9 exp[ 



w (/31/2 + /%) 5 / 2 (P%/2 + /5 9 74)3/2 (M + m) 2 /? 2 + 2/3 2 



2 /oTTT/ M ^2 ^ 



x [6m LsS ,m Lb 8i, 8 Me , - 3 V27TT (— -) 2 ^ 2 _ <1, M Lfl ; f, M,|l, M L .,)(1, 0; l, 0|1, 0)] 

Both the quark excited hybrid and the gluon excited hybrid can decay into 25 + 15 final 
states, if these processes are not forbidden by the phase space. In order to distinguish the 
notations from those for hybrid decaying into 5 + 5 and 5 + P final states, the overlap 
integral for hybrid decaying into 25 + 15 final states is denoted as I'(Ml s -, Ml s , 0, 0, M), 
which is of the following form, 

P(M nnnA/n F /£ /2 /% /2 /% M PB M 2 



u (/3 2 + /3 2 /2)5/2 (£2/2 + £2_) 9 /2 3 ( M + m)3 (M + m) 2 

^ !L 2 ]{~™ 2 (/% + 2/?L-)(5/?| + (3l(3 2 g - Wpl) - 2mM{(3l + 2/3 2 s -)(5^ + /3I/3 2 - 3$ fa) 
+M 2 [p 2 3 /3 2 (2/31 + /?) - (/£ + 2/4)(5/^ + /3 2 /3 2 - 3/5g/&)]}fc, f0 ^ ^ (BU) 



and: 



/?f/ 2 /3| /2 /?i AM PB r M 2 



/'(0,M L9 ,0,0,M,) = -W- ■ ™°2 o :" , ^ — — ^-exp 



w (/31 + 0i/2)W{(P B /2 + /%) 5 / 2 3(M + m) (M + m' 



2 



^2 + 2^2 J ^5,0 $t,L g hh,ML g ( B12 ) 

The first result Eq. (lBllj ) corresponds to the "quark excited" hybrid, and the second Eq. (lB12j ) 
corresponds to the "gluon excited" hybrid. 
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